The bioconcentration factors for radiosilver ( 108m Ag) and radiocesium ( 137 Cs) for shiitake mushrooms from an artificially contaminated sawdust substrate were found to be 0.11 and 3.8, respectively. The main fraction of radiosilver was found in the stalk rather than the cap, whereas radiocesium accumulated mostly in the cap of the shiitake mushroom. The location of radiocesium inside the cap was analyzed by autoradiography, and the location of stable silver by LA-ICP-MS imaging. Furthermore, a method for semi-quantification of stable silver and cesium for organic solid samples was developed as an addition to the mostly qualitative autoradiography.
Introduction
The ingestion of radionuclides via contaminated food is considered one of the main pathways for long-term internal exposure for humans. This is based on the fact that specific elements can be bio-accumulated in organisms. Also, alpha and beta radiation have enhanced radiological impact through short distance to sensitive tissues, making them especially relevant for food safety considerations [1, 2] . For calculating the uptake of these radionuclides in case of accidental releases from nuclear accidents or nuclear waste repositories, knowledge about the migration of the radionuclides along the food chain is of high importance [3, 4] .
The importance of mushrooms in food diet is growing continuously over the years [5] [6] [7] [8] [9] . Mushrooms are well known to accumulate radiocesium to a high extent [10, 11] especially in case of high releases such as the Fukushima nuclear accident [12] [13] [14] , the Chernobyl nuclear accident [15] [16] [17] [18] , and nuclear weapons fallout [19] , with long-term effects on the environment. The impact of radiocesium contaminated mushrooms on the effective ingestion dose for humans after 30 years after the Chernobyl NPP accident is calculated to 0.001-0.12 mSv in 120 km distance to the NPP [20] and in the 2000 in the affected areas of Czech Republic (1991: 0.014 mSv/a), Germany (2002: 0.002-0.48 mSv/a) and Poland (2006: 0.08 mSv/a) [21] . The effective dose by mushroom consumption after the Fukushima NPP accident in the high contaminated area of Kawauchi Village is calculated to 0.11-1.6 mSv [22] . Monitoring data from Japan from 2011 to 2016 of mushrooms showed that the maximum dose for an adult did not exceed 54 µSv [12] .
In contrast, the accumulation of radiosilver isotopes 108m Ag (T 1/2 = 438 a) and 110m Ag (T 1/2 = 250 d) in mushroom is scarely studied, although after the Chernobyl NPP accident, 110m Ag was detected in several mushroom species (Lepista sordida, Collybia dryophila, Marcolepiota procera) in the 2-14 Bq/kg dw range in nature [23] . Radiosilver was also found in various foodstuffs from Japan [24] .The origin of radiosilver is predominantly from nuclear power reactors as both isotopes 108m Ag and 110m Ag are neutron activation products of stable silver isotopes [25] . The accumulation of stable silver was also reported for wild edible mushroom Macrolepiota procera [26] , cultivated Agaricus bisporus [27] as well as several ectomycorrhizal and saprobic macrofungi [28] . Some specific mushrooms such as the Amanita Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s1096 7-019-06778 -1) contains supplementary material, which is available to authorized users.
* Georg Steinhauser steinhauser@irs.uni-hannover.de 1 Institute of Radioecology and Radiation Protection, Leibniz Universität Hannover, 30419 Hannover, Germany species are even Ag hyperaccumulators [29] . Through the food chain, the radioisotopes 108m Ag and 110m Ag can be accumulated in higher organisms, such as mammals from mushrooms. Radiosilver is mainly accumulated in the liver [30] and has a reported biological half-life of about 35 days in the liver of pigs [31] , and 52 days for the human liver after inhalation of 110m Ag [32] . Silver was also found in brains of pigs with a biological half-life of 136 days [31] and in neurons of brains from young rats [33] .
In this study, we focused on one mushroom species, the shiitake (Lentinula edodes), which holds a growing interest as eatable mushroom especially in Asian regions [34] . It is also one of the most popular mushrooms in the Japanese cuisine. The annual production rate is above 500,000 metric tons (MT) (1991) [5] with an increasing demand (world production 1997: > 1,300,000 MT [35] ). In contrast to many wild grown mushrooms or the popular cultivated champignons species (Agarius), which are grown on soil, shiitake mushrooms are commercially grown on either wood logs or sawdust [34, 36, 37] . For this reason, one part of this study includes the determination of bioconcentration factors for shiitake mushrooms for radiocesium or radiosilver in an uptake scenario involving sawdust substrateand fresh contamination. Furthermore, the investigation of the elemental distribution in the eatable fruit bodies was of interest for the present study, especially for possible implications on the preparation or cultivation of shiitake mushrooms in contaminated areas. As an alternative and complementary method to the used radiometric methods (gamma spectrometry and autoradiography), we investigated distribution of the respective stable isotopes 107+109 Ag and 133 Cs via laser ablation coupled with inductively coupled plasma mass spectrometry (LA-ICP-MS). Due to the nature of autoradiography, mostly qualitative information on the elemental distribution can be achieved, however, we tested a semi-quantitative approach with cellulose standards via LA-ICP-MS for elemental imaging of organic samples.
Materials and methods

Chemicals and materials
All chemicals used were of p.a. quality, if not otherwise stated. For the watering of the mushrooms, tap water was used. Cesium nitrate (CsNO 3 ) was purchased from Alfa Aesar © ; silver nitrate (AgNO 3 ) from Merck © . The incubated substrate for shiitake mushrooms were purchased at Pilzmännchen © , a commercial German mushroom cultivator.
The experiments were carried out with activities of 137 Cs (stock solution: 27.7 MBq, reference date: 01.01.2005 from Amersham Buchler) and 108m Ag (stock solution: 28.4 kBq, date: 01.12.2015 from Radiochemical Centre Amersham, UK). A multiple gamma rays emitting nuclide standard from Eckert-Ziegler Isotope Products (total activity concentration: 36.3 kBq/g as of 01.05.2016) was used for energy and efficiency calibration of the gamma detectors.
For autoradiography, the blue sensitive X-ray films Contatyp TM CX-BL + from Typon were used. The X-ray films were developed with GBX Developer and Replenisher and GBX Fixer and Replenisher from Carestream Dental © .
Samples
The shiitake mushrooms were grown on sawdust incubated with shiitake mycelium. For comparison reasons, we chose to use only one initial substrate (weight 2 kg) from the supplier to warrant identical growth conditions and mushroom quality. The exact composition of the substrate is unknown as it is a business secret of the manufacturer. However, the main component of the substrate (> 70%) is hardwood sawdust. The substrate was purchased at the shiitake mushroom state, which allows a growth of the fruit bodies, at around 120 days after inoculation of the substrate. The moisture content at this state was around 60%. The used strain of shiitake mushroom for the experiment was LE37. The substrate was partitioned into 4 parts, which each part weighing between 400 and 600 g wet weight. Thereafter, the substrate was slightly dried out for better absorption of the contamination solution. The contamination solution was prepared in 100 mL tap water with Stable elements of silver and cesium were added to the contamination solution to enable the element mapping via LA-ICP-MS to get a better insight on the distribution behavior within the mushroom fruit bodies.
As the state of the substrate was already in the beginning of the fruiting body phase, the contamination solution could only be applied to the substrate as homogeneously as possible for one time with a syringe outside and inside the substrate in equidistant height and length sections.The mushrooms were grown in 4 cycles (duration of each cycle around 6-10 days). The substrate was watered with uncontaminated tap water as needed. The fruit bodies were harvested and measured by gamma spectrometry. With each harvesting cycle of shiitake mushrooms, three aliquots of the substrate were taken at different positions (Total: 4 cycles × 3 substrate = 12 substrate samples for each substrate a-d). The homogeneity of the substrate was tested for each cycle. The mushroom growth took place in a humid environment with moderate ambient temperatures (14-18 °C).
All samples were freeze-dried at 0.53 mbar and − 51 °C for 5 days with the freeze-dryer Gamma 1-16 LSC from Christ © .
The bioconcentration factor (BCF) between the mushroom and substrate (Eq. 1), and between the cap and stalk (Eq. 2) was calculated for 108m Ag and 137 Cs. For each calculation, the dry weight of the material was used. The BCF for mushroom/substrate was calculated for each of the 4 cycles with the corresponding 3 substrate samples at the time of harvest and the mean value of the BCFs for all 4 cycles were calculated. The BCF for the respective stable isotopes were not measured as the radioisotope and the stable isotopes were used in the same chemical species and solution and for this reason no discrimination should take place in the fungi.
Analytical procedure
Gamma spectrometry
The freeze-dried mushroom and surrounding substrate samples were chopped up and homogenized with a blender and transferred into petri dishes (Ø = 9 cm, h = 1.3 cm). The samples were measured using high-purity germanium detectors. Please find the specifications of the detectors in the Supporting Information (Table S1 ). The energy and efficiency calibrations of the petri dishes were performed using filter standards (Ø = 9 mm) with a defined activity of the certified multiple gamma standard from Eckert-Ziegler Isotope (total activity: 36.3 kBq/g at 01.05.2016). For evaluation the gamma emissions of 108m Ag, 434, 614, and 723 keV and 137 Cs 662 keV were used. The evaluation was performed with the software Genie2 K © .
Autoradiography
For the autoradiography, some of the mushroom samples were cut into thin slices (1 mm) with a surgical knife and packed in order into PE foil and shrink-wrapped. The crosssections of the fruit body were put into an X-ray cassette with an X-ray film. The 137 Cs mushroom cross-sections had a 4 weeks exposure time. The X-ray films were then manually processed in the dark with a developer solution
A dry,stalk (dilution: 1:10) for 3 min, washed in water for 30 s and the fixed with a fixer solution (dilution: 1:10) for 3 min and again washed for 30 s. The X-ray films were dried and scanned with a commercial scanner. The pictures were then processed with the software Origin 2018b © .
Laser ablation coupled ICP-MS
For the exact spatial resolution of the uptaken contaminants, the respective stable isotopes ( 133 Cs, 107 Ag and 109 Ag) were quantified and imaged via LA-ICP-MS (laser ablation system LSX-213G2 + HELEX with a 213 nm laser from Teledyne ® with software Chromium 2.3 coupled with an Agilent 8900 triple quadrupole ICP-MS and software Mass-Hunter). The image processing was performed with HDFbased image processing (HDIP) version 1.2.0 from Teledyne Photon Machines. The ablation line was fitted to the outline of the given shiitake cross-sections with a round spot size of 200 nm, ablation speed of 50 nm/s and 20% laser power (4.08 J/cm 2 ). Since no solid reference material for organic compounds are commercially available for laser ablation an in-housestandard using a pressed target of cellulose (microcrystalline powder, 20 µm, from Aldrich © ) homogenized with multielement standard solution no. 5 for ICP from Sigma-Aldrich was prepared. The standards consisted of a blank, 1 mg/kg, 5 mg/kg, 7.5 mg/kg and 10 mg/kg of Ag, Ba, Be, Bi, Cd, Co, Cr, Cs, Cu, Ga, In, Li, Mg, Mn, Mo, Ni, Pb, Rb, Sr, Tl, V, and Zn. For each cellulose target, 1 g of cellulose was homogenized with the needed multi-element concentration and filled up to 10 mL with Milli-Q water (18.2 MΩ cm). The solution was gradually dried in an ultrasonic bath (Sonorex from Bandelin) at 60 °C. The remaining moisture was eliminated by drying at 60 °C over night. The resulting powder was homogenized through grinding with a porcelain mortar and pressed into a target (Ø = 1.3 cm). Each cellulose standard was ablated 10 times with a 200 nm spot, 50 nm/s ablation speed and 20% laser power. The mean value of the 10 ablation lines were used as calibration points for external calibration of organic solid samples.
Results and discussion
Bioconcentration factors for radiocesium and radiosilver in shiitake mushroom
The bioconcentration factors (BCF) of radiocesium and radiosilver, respectively, from the sawdust substrate to the shiitake fruit body were calculated according to the Eq. (1) with the respective dry activities A. The total amount of 20 mushroom fruit bodies for 108m Ag contaminated substrate and 22 for 137 Cs were harvested and the activities were determined with gamma spectrometry. Three aliquots of the substrate were analyzed for each harvest cycle, too. The calculated BCFs are presented in Table 1 . The shiitake fruit bodies show a BCF for 108m Ag of 0.11 ± 0.07 and, apparently, Ag + is not actively transported from the shiitake mycelium to the fruit bodies. In contrast, Falandysz showed BCFs of silver for Agarius bisporus of 5 with up to 120 depending on the initial concentration in the substrate, with low substrate concentration of 10 µg/kg yielding the highest BCFs of 120 [27] . By comparison of the same initial contamination of the substrate with 1 mg/kg, the BCFs for in Agarius bisporus shows an enrichment of silver [27] , whereas this study shows that silver is not accumulated in shiitake mushrooms. One reason could be that silver possibly strongly binds with sulfur groups of the surrounding environment, as described in [38] . However, Falandysz et al. [27] grew Agarius bisporus (same fungi order Agaricales as shiitake) on compost, which initially holds higher sulfur contents (~ 2500 ppm [39] ), than which is found in wood chips (140 ppm [40] ). Hence, it can be concluded that the uptake mechanism for silver can vary strongly for different substrates and might also be dependent on redox conditions or mushroom species. The strong affinity of silver for inorganic or organic sulfides is likely an important factor in the assessment of the bioavailability and uptake.
In comparison, radiocesium is accumulated in the fruit body of the shiitake mushroom with a BCF of 3.8 ± 1.9. The bioconcentration factor for shiitake mushrooms is in good agreement with the findings of Wang et al. [41] for shiitake mushroom cultivated indoors on a sawdust substrate with a transfer factor of < 3.8 for no artificial contaminated samples. In oyster mushrooms (Pleurotus eryngii), the BCF was determined to 17 for 0.1 mM Cs + . The BCF furthermore showed dependence on the presence of other alkali metals [42] . It is also known that the uptake of radiocesium is correlated to the amount of stable cesium present in the substrate. Oolbekkink and Kuyper found a varying stable Cs content from 0.3 to 26 mg Cs per kg soil, which leads to dilution prior to uptake. However, some initial amount of stable Cs also proved favorable for radiocesium uptake [43] . In contrast, the study from Yoshida et al. showed that after the Chernobyl accident, the uptake of radiocesium correlated directly with the stable cesium (0.03-80 mg/kg dry mushroom) present in the soil in different forests [44] . This study also indicates that the equilibrium in the soil-mushroom system between 137 Cs/Cs plays an important role in the uptake of radiocesium [44] .
In both our experiments, the 137 Cs and 108m Ag activity was in equilibrium with their respective stable isotopes and had the same chemical species of CsNO 3(aq) and AgNO 3(aq) , respectively. For this reason, the possibility of a biased uptake is low, although Oolbekkink and Kuyper reported mass discrimination for 134 Cs and 137 Cs uptake at the Chernobyl accident [43] . The mass concentration of 10 mg Cs/ kg wet substrate was in the natural range of these elements in soil [43, 44] . The mass concentration of Ag with 1 mg/kg wet substrate was chosen higher than to be expected in soil to enable a sufficient mapping via LA-ICP-MS after uptake in the fruit body. For the possible dependency of the BCFs on the stable isotopes, the determined BCFs are only valid in combination with the mass concentration of the stable isotopes.
Furthermore, the BCFs calculated for the artificial substrate of woodchips might differ to the ones calculated for wood logs, as the substrates often contain more components such as cereals and bran, which could influence the uptake of the radionuclides. Moreover, the surface composition needs to be considered as the wood logs have a distinguished composition consisting of bark, sapwood and heartwood, which leads to an inhomogeneous distribution in case of fallout and rather long times for reaching equilibrium of 137 Cs/Cs. In case of nuclear fallout, the chemical form of the radionuclides in respect to their bioavailability need to be taken into account, as e.g. previous fallouts as from the Fukushima NPP, also shows emissions in form of radioactive glass particles containing radiocesium [45, 46] . These glass particles are less bioavailable, leading to generally lower bioconcentration factors.
The bioconcentration factors between caps and stalks of the shiitake fruit bodies were calculated with Eq. (2). A total sample number of 8 and 9 for 108m Ag and 137 Cs fruit bodies were measured, respectively. The 108m Ag contaminated fruit bodies showed the highest activity concentrations in the stalk rather than the cap and distribution factor of 0.62 ± 0.27, whereas 137 Cs fruit bodies accumulated mainly in the cap. Stefanović et al. [26] also found a higher stable silver accumulation in the stalk than cap for Macrolepiota procera, with BCF cap/stalk ranging from 0.25 to 0.79. The study of Bystrzejewska-Piotrowska et al. [42] also found an enrichment of Cs in the caps in regards to the stalk within its fruit-bodies in Oyster mushrooms (Pleurotus eryngii) with a factor of around 1.3 for only radiocesium and 1.5 for radiocesium with 0.1 mM CsCl. In contrast, other mushroom species have shown the opposite enrichment of cesium in the caps and not the hymenium [43] (Table 2 ).
Elemental distribution in mushroom cross-sections
The X-ray film was exposed to the cross-sections of the stalk and cap of shiitake mushrooms contaminated with radiocesium as seen in Fig. 1a ). The total activity of the Cs mushroom was 2.2 kBq, ranging for the cross-sections from 5 to 24 Bq (stalk 1-8). 41-156 Bq (cap 9-22) and for half the cap (number 23) 610 ± 30 Bq. After the exposure time of 4 weeks, the developed autoradiograph is shown in Fig. 1b ). Darker regions were exposed to higher radiation. For better visualizing of the located activities, the grayscale autoradiograph was transformed into a heat map (Fig. 1c) , the color corresponding to activity concentration were calculated via gamma spectrometry. The stalk cross-sections (1) (2) (3) (4) (5) (6) (7) (8) show intermediate and evenly distributed 137 Cs activities with activity concentrations around 730 ± 70 Bq/g. The activities of the cross-sections of the stalk show no difference in height. The stalk is enriched around 1.8 times in regards to the surrounding substrate (400 ± 100 Bq). The mushroom cap cross-sections (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) show local enrichment of radiocesium in the location of the reproductive system-the hymenium of the fruit body, which produces the spores. The mean specific activity of the cap cross-sections was 1500 ± 300 Bq and thus have a 3.75 times enrichment in regards to the substrate. The radiocesium accumulation in the hymenium can also be confirmed with the look on the bottom side of the mushroom cap No. 23. This corresponds well with the findings of Igarashi et al., who indentified spores as major contributors to resuspension of radiocesium as bioaerosols in Namie, Fukushima [46, 47] . Our findings of the elemental distribution radiocesium correlates well with the findings of Terakawa et al. [48] of natural grown shiitake mushroom on wood logs in the contaminated area around the Fukushima NPP. The elemental distribution, however, is strongly dependent on the species of mushrooms, as some accumulate mainly in the caps and not the hymenium [43] .
We also tested autoradiography of the cross-sections from radiosilver-contaminated mushrooms, however no sections, the darker parts were exposed to higher radiation, c digitally processed X-ray film, the color corresponding activity concentration were calculated via gamma spectrometry visible exposition was noticeable. With regard to the lower initial contamination of around 1/100 of the radiocesium contamination (900 Bq 108m Ag per 500 g substrate) and the determined bioconcentration factor of radiosilver into shiitake mushrooms of 0.11 ± 0.07, the radiosilver crosssections have around 1/1000 less activity and lie therefore in the lower mBq range per cross-section. Furthermore, the radiation form needs also be taken into account for autoradiography. Beta minus emitters such as 137 Cs have a much higher probability for interaction with the X-ray film, than radionuclides such as 108m Ag that disintegrate predominantly by electron capture (91.7%). The highenergy gamma rays exhibit only negligible interaction with the thin X-ray films. For this reason, the elemental distribution for silver contaminated mushroom cross-sections were determined using spatially resolved LA-ICP-MS. The elemental distribution of silver 107 Ag and 109 Ag of a cross-section of the stalk and cap from a radiosilver-contaminated shiitake fruit body is shown in Fig. 2 for both stable isotopes 107 Ag and 109 Ag. The semiquantification of the concentration of 107 Ag, 109 Ag and 133 Cs were done using the in-house cellulose pellet standards. To avoid organic density effects from varying organic matrices, the calibration points were normalized to the less abundant carbon isotope 13 C. The calibration curves can be found in the Supporting Information Figure S1 . The external calibration for organic solid matter is sufficient with R 2 > 0.93. Due to inhomogenous aerosol production during the laser ablation of the cellulose standards, the standard deviation for each ablated line was high with about 20-60%. For this reason, the determined concentrations are only semi-quantitative. An optimization of the instrument parameters and the standards can lead to better and quantitative values.
The highest amount of silver was found in the outer parts-the skin-of the mushroom stalk, corresponding to a Ag concentration of around 10 mg/kg for the dry mushroom. The Ag concentration is enriched in comparison to the concentration of the surrounding substrate with 1 mg/ kg wet sawdust. Inside the mushroom stalk, the concentration is lower, ranging from 0 to 5 mg/kg, with only few hotspots. The highest Ag accumulation in the stalk skin could be due to outside absorption during the growth of the mushroom fruit bodies. In contrast, the main fraction of silver in the cross-section of the shiitake cap is evenly distributed throughout the cap and the hymenium. No isotope effect (fractionation) could be observed for the two silver isotopes 107 Ag and 109 Ag, respectively.
The LA-ICP-MS imaging of 133 Cs in Cs mushroom were interfered by isobaric interferences, which increased the background and coincided with the 132 Xe signal. Xenon is an impurity of the argon plasma gas and can form the possible polyatomic interference 133 XeH + . The use of a collision cell could reduce such polyatomic interferences.
Conclusions
The growth of shiitake mushrooms (Lentinula edodes) on artificial contaminated sawdust substrate with 108m Ag and 137 Cs showed a depletion of radiosilver in fruit bodies whereas radiocesium was accumulated.Only one tenth of the surrounding radiosilver activities (BCF = 0.11 ± 0.07) were taken up in the fruit bodies, at which point the major part of the activities were found in the stalk rather than the cap of the fruit body. Since Ag exhibits a high affinity with sulfur, strong binding to thiole groups may explain the accumulation on the outer parts of the mushrooms and the limited migration within the fruit body. However, this cannot fully explain the retention of Ag from substrate to mushroom, as different studies have shown an accumulation for different species of mushroom even though sulfur was present in the substrate phase. For a better understanding of the uptake mechanism of Ag, further studies on various mushroom species, redox conditions and binding properties needs to be done. The LA-ICP-MS imaging of stable silver revealed that silver is mainly found in the outer parts of the stalk (possible sorption of Ag during the fruit body growth) and in the hymenium of the cap. A semi-quantification with external in-house cellulose standards allowed assigning in the outer regions of the around 10 mg/kg, whereas the inner part had lower concentration in the 0-5 mg/kg range.
Radiocesium was accumulated in the fruit body of the shiitake mushroom with a BCF of 3.8 ± 1.9, which correlated well with previous studies on natural found 137 Cs in indoor grown shiitake mushrooms on sawdust substrate. The main activities of radiocesium were found in the cap, where the autoradiograph revealed a hyperaccumulation inside the hymenium, where the spores are located, whereas the stalk had lower 137 Cs activities which were equally distributed. The LA-ICP-MS imaging for stable 133 Cs was nonsatisfying as the isotope was interfered by polyatomic 132 XeH + signal. Further studies needs to take the suppression of these interferences into account.
